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ABSTRACT

Rift Valley fever virua was quantitatively assayed by
enumeration of cells containing fluorescent viral antigens T
after infection of L cell monolayers. The efficiency and
speed of virus attachment were markedly enhanced when
augmented by centrifugal force. Approximately 97% of virus
inoculum attached to cells within 10 minutes. Thus, a
proportionality was obtained between the number of infected
cells and volume of {noculum. Virus penetration into cells
wag linear and complete within 30 minutes at 35 C. From
observations on the sequential developmen: of viral antigen
within cells and fluorescent cell counts, infected cells
were enumerated is ea:ly as 12 hours after inoculation of
cell monolayers. A linsar function was demonstrated
between infected cell counts and virus concentration,

The jomunofluorescent cell-counting assey of Ri1it Valley
fever virus was more precise, sensitive, and rapid than
assays based on intraperitoneal inoculation of mice or
cytopathic effects in cell cultures.
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I. INTRODUCTION .

v dadiln

General agreement does not exist on t'ie most suitable hoat system for
assay of Rift Valley fever (RVF) virus as regards maximal sensitivity cr

minimal variability. Although mice, hamsters, embryonated chicken eggs, =

and tissue cultures have been commonly employed,1 independent evaluations
of various assay systems by different investigators have often given con-
flicting or equivocal regults. -

Recently,  “"t‘*-~iy2 agsays wers developed fc1 twrn arboviruses,
vellow fever and Venezuelan equine encephalomyelitis (VEE),1° based on
immunof luorescent staining of infected cell monolayers and enumeration of
cells containing fluorescent viral antigens. These agsays are direct :
(each infected cell 18 the result of infection by one viable virus
particle) and dependent on a primary cycle of infection. Some outstanding
features of these assays are the relatively short time required to obtain
estimates of virus infectivity (less than 24 hours), high sensitivity,
and precision,

[Tl

The teasibility of extending the immnofluorescent cell-counting
technique to assess RVF virus infectivit  was {nvestigated because cells
infected with the virus are amenable to _.munoflucorescent ataining."11
This report describes the development and evaluation of this technique
for the quantitative assay of RVF virus.

II. MATERIALS AND METHODS

A. VIKDS

The van Wyk strain of pantropic RVF‘girus, originally isclzted in the
Union of South Africa from sheep blond,” ” was used throughout this study.
A viras suspension in the form of infectious lamb serum wes obtained freom
Dr. Peter Gerone, Fort Detrick. It had a titer of 1 x 107+6 meuse incva-
peritoneal LDy per ml.

% CELL LINES AMD CULTIVATION

The L-923 strain of mouse fibroblasts was routinely employed in the
assay of RVF virus. Nutrient medium for the celis corsisted of medium 199
containing 10% fetal calf serum (FCS) and 50 ug of streptomycin per ml and
75 ug of kanamycin per ml. Cells were maintained in medium 199 and 5i FCS.
Other established cell lines employed ia the assay were McCoy, hemstier

S R
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i kidney, and guinea pig lung. Growth medium for McCoy cells was medlum 199,
F 10% FCS, and 0.5% (w/v) lactalbumin hydrolysate (LAH); for hamster kidney

- cells, medium 199 and 10% FCS; and for guinea pig lung, basal medium Eagle

. (BME) with 10% FCS and 0.5% LAH. Maintenance medium for hamster kidney

E and McCoy cell cultures was the same as that used for L cells; BME and 5%
FCS was used for guinea piy lung cells.

For virus assay, cells were cultivated on circular cover slips (l5-mm
diameter) inserted in flat-bottomed glass vials (19 by 65 mmg A l-ml
amount of cell suspension, containing from 1l x 105 to 3 x 107 cells, was
{ntroduced onto cover alips that were then incubated at 35 C for 24 hours,
or until a complete cell monolayer was formed.

C. VIRUS ASSAY

Determinations were usually carried out in triplicate. Virus dilutions
were prepared in phosphate-buffered saline (PBS), pH 7.1, free of calcium
and magnesium fons. This consisted of 8.5 g of NaCl, 1.07 g of NajHPQ,
(anhydrous), and 0.39 g of NaH,PO,.2H,0 per liter of distilled water.
Inoculum in 0.2-ml volume was introduced directly onto cover slip cell
monolayers after their transfer from glass vials to rotor chamber inserts.’
The latter were employed because they withstand the high centrifugal force
Tequired to sediment the virus. Rotor chamber inserts placed in a swinging-
bucket SW 25.1 rotor were centrifuged ir a model L Preparative Ultracentrifuge*
at 19,642 to 29,432 x g for 15 minutes at 30 C. The residual fnoculum voe
remcved afrter centrifugation, the cover slip cell monolayers were replaced
into glass vials, and 1 ml of maintenance medium was then added o each
vial. After incubation at 35 C for 1 hour, the main*enzince medium waa
replaced with 1 ml of a 1/30 dilution of virus antiserum in medium 199,

The rationale for this procedure is presented in Section III. After

further incubation at 35 ¢ for 20 to 22 hours, cover slip cell monolayers
were rinsed twice with ccld PRS, fived with cold (-60 C) acetcre, and

either prepsred ifmmediately for immunofluorescent staining and cell counting
or gtored at -60 C. Fluorescence of viral antigens in fixed cell cultures
was not diminished when they were stored under these conditions for 7 weeks.

The median dose of virus producing a cytopathic effect in L cell rono-
layers maintained in serum-free mediun® and the method of intraperitcneel
inoculation of Swiss-Websger strain mice, 10 to 14 g, 13 ere also used tc
assay virus.

D. RVF ANTISERUM CONJUGATE AND IMMUNOFLUORESCENT STAINING
RVF antiserum was obtained from rhesus monkeys that had been aerogenically

vaccinated 1 month earlier. Antiserum was conjugated with flucrescein
isoth.iocyanate by the method of Riggs et al.’* The conjugated glcbulin was

* Beckman Instruments, Inc., Spinco Division, Palo Alto, Calif.
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passed through a Sephadex G-50 columr to remove unbound dye. To reduce
nonspecific fluorescence, % ml of conjugated globulin were diluted with
an equal volume of PBS and adsorbed twice with 200 mg of acetone-dried
mouse liver powder in acccrd with the procedure of Coons and Knplan.1

The direct fluorescent antibody meth~d was emplcyed to demomstfrate
immunoflucorescence of viral antigens in infected cells., Fixed cell cultures
were washed once with PBS and stained with conjugated antiserum for 30
minutes at room temperature. Cover slip c¢ell monovlayers were then rinsed
in two changes of PBS &nd mounted in a semipermanent medium.*®

E. FLUORESCENCE MICROSCOFY AND CELL COUNTING

Cover slip cell cultures were examined with an American Optical
microscope equipped with a Fluorolume illuminator (Model 645), Corning
No. 5840 and Schott BG-12 exciter filters, and an E.K. No. 2A barrier
filter. With this optical system at & magnification of 430X, the number
of microscopic fields contained in the area of a 15-mm cover slip was
1,064, For each cover slip cell monulayer, 50 microscopic fields were
examined for fluorescent cells. To calculate the number of cell-infecting
units (CIU) of virus per milliliter, the average number of fluorescent
cells per field was multiplied by the number of fields per cover slip,
the reciprocal of the dilution of virus inoculum, and a volume factor
(for conversion to milliliters).

F. DETERMINATION OF VIRUS ATTACHMENT

Attachment was measured by following the disappearance of virus from
inoculum after its addition to cell monolayers. Cover slip monolayers
were inoculated with 0.2 ml of a 1077 virus dilution. After designated
intervals of incubation or centrifugstion, residual incculum was removed,
and the cell cultures werc immediately washed twice with PRS. Residual
inoculum was then introduced ontc fresh cell monolavers v masurve
unattached virus. For this, the residual inoculum was adscrbed onto
cell cultures by centrifugation at 19,642 to 29,432 x g for 3U minutes,
Cover slip cell monolayers exposed to initial or residual inocula were
then treated in the uwanner described earlier for virus assay. The amount
of virus that was attached ton cells at a given time was expressed as a
percentage of the virus input. The input was the gum of the amounts of
attached and free virus,
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G. DETERMINATION OF VIRUS PENETRATION

Viruvs penetration into cells was measured by the insensitivity of
attached virus to antigerum, Inoculum was attached to cell monolayers
with the aid of centrifugal force, Cell cuvitures were washed twice with
PES, overlayed at designated fntervals with 1 ml of a 1/50 dilution of
virus antiserum, and then incubated at 35 C for 20 to 22 hours. The
quantity of virus that penetrated cells at a given time was expreassed
as & percentage of the input virus.

H. CALCULATION OF ATTACHMENT AND PENETRATION CONSTANTS

The attachmen. and penetration rate constants were calculated from
the relationship, 2.3 log (Vo/V,)/nt, where Vy = the input virus concen-
tration, V. = unattached or unpenetrated virus at time t, and n - the
number of cells per cm’ determinad by resuspension of cover slip cell
cultures and enumeration.

1LL. RESULTS

A, VIRUS ATTACHMENT

The rate of .VF virus attachment onto cover s8lip L cell monolayers was
determined for both centrifugation and staticnary iacubation. Virus inputs
for the former and the latter were 4,149 and 8,469 C U, respectively. The
concentration of cells per cover slip cuituie vwas 5. x 107 per ml.
Additionz] experimental details are described in Section IX.

The rate of virus attachment with each trzatment is shown in Figure 1.
Aided by centrifugal :orce, 977 of the virus inoculum was attached within
10 minutes; after stationary incubation for 2 hours, only 307 of the virus
inoculum was attached. The attachment rate constant was 2.4 x 1077 cm’
m:n~* with centrifugation and 5.1 x 10° cm? min~! with stationary incubation.
These values are varkedly similar to those reported for the attachment of
VEE virus under similar experimental conditions.}® The findings demonstrate
the efficiency and rapidity of virus attachment tc cells when augmented by
centrifugal force,

The efficiency of ceatrifugation for infecting cell monolayers from
different volumes of inoculum is shown in Table 1. The results sh:w 2
proportionality between the number of infected RVF virus cells and volume
of ilnoculum. A comparable study with yellow fever virus demonstrated a
simf lar celationship.g
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Figure 1. Attachment of RVF Virus onto Cover Slip
Cultures of L Cells by Centrifugation
and Stationary Incubation.

TABLE 1. PROPORTIORALITY BETWEEN VOLUME
OF INOCULUM AND CELL-INFECTION UNITS

OF RVF VIRUS

Volume, Infected Cel}s/ CIU/&I
ml 50 Fields? x 10
0.1 59 2.5
0.2 114 2.4
0.5 305 2.5
1.0 615 2.6

a. Mean of two determinations.
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S Studies carried out on the primary interactions between VEE virus and
: cell cultures revealed that virus attachment was narkedly influenced by
the menstruum uged to suspend the virus. Maximal attachment of VEE virus
occurred only in the presence of a specific monovalent cation.’® To
determine whether the attachment of RVF virus to cell monolayers was also
highly dependent on the composition of the diluent, serial dilutions of
: virus were made in six differeni¢ suspending media, pH 7.1 to 7.3. A
. : 1/300,000 dilution of virus in each test medium was the inoculum. Virus
! H arctachment was carried out with the atd of centrifugation. Residual
: inoculum was then removed and replaced with maintenance medium, and the

cell monolayers were incubated and treated in accord with the prescribed
. agsay procedure.

wrr T R

Kesults in Table 2 show that the composition of the medium employed
for the attachment of RVF vivus to cell monolayers did not significantly
affect assay values. Heart infusion broth was the exception; the quantity
of virus attached was approximately 507 of the amount attained with the
other media. 1In general, the attachment requirement for RVF virus to
cells was less spacific than that encountered with VEE virus.t®

TABLE 2. EFFECT OF ATTACHMENT MEDIUM ON ASSAY OF RVF VIRUS

Attachment Infected Cells/100 Fields Civ/ml

Medium Test 1 Test 2 x 10
resd/ 77 72 1.2
Medium 199 + 5% FIS 6 -b/ 1.0
Medium 199 + 107 FCS 68 76 1.1
Medium 159 + 20% FZS 68 88 1.2
PBS + 0.000¢¥ M CaClj

and 0.0005 M MgCl, 80 79 1.3
Hea~t infuision broth 42 33 0.6

a. Nacl (0.15 M) buffered by 0,01 M phesplace.,
b. - = Not done,
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B. VIRUS PENETRATION

The rate of virus penetration into cells was followed by determining
the insensitivity of attached virus to antiserum at designated time inter-
vals. A virus input of 4.8 x 103 CIU was introduced onto cell monolayers;
they were then treated in the manner described in Section II. Results
in Figure 2 show that virus penetration at 35 C proceeded at a linear rate
after an initial lag period of almosr 10 minutes. Approximately 50% of
attached virus penetrated into celis within 20 minutes; the process was
complete within 30 minutes. The penetration rate constant of 6.7 x 10~
cm® min~! for RVF virus was comparable to that reported for VEE virus.!®
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Fi{gure 2. Rate of Penetration of RVF Virus into L Cells
at 35 C as Meaeured by Insensftivity of -
Attached Virus to Antiserum. B
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Tt was important to defi{ne the penetration rate of RVF virus becauae
preliminary observations revealed the appearance of fluorescent foci between
12 and 16 hours after infection of cell monolayeirs. To provide a more con-
venient time for enumerating individual infected cells, the addition of a
virus antiserum cverlay of the cell monolayers was requivred to prevent the
initiation of a second cycle of cell infection by extre ellular virus. The
earliest time that the antiserum overlay may be added without neutralizing
attached virus was deteimined from the preceding experiment. For routine
agsay of virus, the antiserum overlay was added after cell monolayers were
incubated at 35 C for 1 hour following virus attachment,

C. INCUBATION PERIOD

The incubation period, defined here 2s the interval between virus
inoculation and the development of recognizable quantities of viral antigen

-An infected cells, was established from sequential observations and counts

of infected cells. The earliest visual sign of cellular infection by virus
wag noted at 5 hours and was in the form of minute fluorescent particles

on the periphery of the nucleus. At 10 hours, the particles were distributed
in large numbers throughout the cell cytoplasm and the intensity of fluores-
cence was markedly increased. Ey 12 hours, the fluorescent particles had
coalesced 8o that infected cells could be easily discerned (Fig. 3).
Fluorescent viral antigen was confined to the cell cytoplasm. Eetween 12
and 16 hours of incubation, fluorescznt foci appeared that precluded count-
ing of individual infected cells (Fig. 4). T7hese fo-{ contained five cr
more fluorescent celle, Flucrescent focl incressed in size 28 the incuba-
tion time wag extended. 7The addition of an antiscrum overlay 1 hour after
virus attachment to cells prevented the appearance of the fecl. Counts of

infecred cells msde at 1. hours from cell monolayers that %ad not received

antigerum overlay were comparable to those made at 16, 20, 22, and 24 hours
in the presence of the anriserum overlay. From these chservaticrns sn the
time of appearance of fluorescent viral antigen in cells 2nrd ccunts of
infected cells, individual infected cells may be enumerated as early as

12 hours after virus inoculation of cell monolayers. If the incubation
period {8 extended beyond 12 hours, an antiserum overlay rrust be emplcyad
to confine the infectious process to individual cells.

D. QUANTITATIVE EVALUATION CF ASSAY

A linear :elationehip between tuofold dilutions of virus and the number
of fluorescent celis is demonstrated in Figure 5. Thsat eack fluorescent
cell resulted from infection by a single infective virus particle or
aggregzares not divisible by dilution is suggested by thke data.

L b
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Figure 3. Fluorescent RVF Viral Antigen in L Cells 12 Hours

after Infection. 12&X.

Figure &.

L Cell Monolayer with Fluorescent Focl after

Infection with RVF Virus 16 Hours Earlier. 120x.
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Figure 5. Linear Function Between the Number of Fluorescent
Cells and Concentration of RVF Virus,

Ten determinations were performed in a single experiment to estimate
the precision o§ the assay. Cover slip cell monolayers were infected with
0.2 ml of a 1077 virus dilution and then treated in the prescribed manner.
The number of CIU per ml of virus {inoculum ranged from 1.6 x 109 to 2.3 x 102

with a mean of 2.0 x 10%, standard deviation (SD) of #0.27, and coefficient
of variation of 137%.

Easterday and Murphy‘a demonstrated the capability of various established
cell cultures to support the growth of RVF virus; however, the cell system
most suitable for virus assay was not determined. To evaluate the sensi-
tivity of different ce.l lines for assay of RVF virus by the fluoreacent
cell-counting technique, parallel dilutions of virus were introduced onto
cultures of L, hamster kidney, McCoy, and guinea pig lung cells. Results
of two replicate assays shown in Table 3 indicate that L cells exhibited
the greatest and hamster kidney the least sensitivity to infection with
RVF virus of the four celil lines tested. In L cells, virus titers were
approximately 50-fold higher than {n hamster kidney cells, 10-fold higher
than in McCoy cells, and fourfold higher than in guinea pig lung cells.
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TABLE 3. ASSAY OF RVF VIRUS IN DIFFERENT CELL LINES

Cell-Infecting Units of Virus per ml

Asgsay Guinea Pig Lung McCoy Hamster Kidney
No. L Cells Cells Cells Cells
1 1.5 x 10° 6.9 x 108 2.2 x 108 2.9 x 107
2 2.2 x 109 2.1x 108 2.1 x 108 4.2 x 107
Mean 1.8 x 10° 4.5 x 108 2.1 x 108 3.5 x 107

The sensitivity of the fluorescent cell-counting assay of RVF virus was
compared with that of methods based on the median virus dose producing a
cytopathic effect (CPEDsp) and the mouse intraperitoneal median lethal dose
(MIPLDy;). Results in Table & reveal that the fluorescent cell-counting
technique was superior to that of the other two assay systems; assay values
were approximately 1.7 to 2.0 log units higher and exhibited less variability.

TABLE 4. CJIMPARISON OF DIFFERENT MET:HODS FOR ASSAY OF RVF VIRUS

E Assay No. c1v/ /m1 CPEDs2/ /m1 MIPLD&/ /mi
i 1 9.3 7.6 7.0
' 2 9.3 7.7 7.0
3 9.3 8.0 7.5
4 9.2 7.6 7.2
3 5 9.3 7.3 7.4
1 6 9.4 7.7 7.5
E Mean 9.3 7.6 7.2
3 sD +0.07 +0.23 +0.24
3 SE of mean £0.02 +0.09 £0.09

8. Reciprocal of cell-infecting units of virua (log,;y) determined
by fluorescent cell-counting technigue in 20 hours.

b. Reciprocal of median dose of virus (log,,) producing
cytopathic effects in L cell monolayers in 6 days.

¢. Reciprocal of wmedian lethal mouse intrapcritoneal units
of virus (logyy) with an 8-day observation period.
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Iv. DIS ON

In the course of developing the immunofluorescent cell-counting assay
of RVF virus, studies on the attachment of virus to cell monolayers indi-
cated that the efficiency and speed of the process were significantly
enhanced by centrifugal force. Approximately 97% of the virus inoculum
was attached to cells within 10 minutes with the aid of centrifugal force;
only 30% was attached at 2 hours with stationary incubation. These find-
ings were &imilar to those reported for the attachment of two other arbo-
viruses, yellow fever' and VEE.}° When centrifugal force was employed to
attach virus from different volumes of inoculum, a proportionality was
obtained between the number of RVF virus-infected cells and the inoculum
volume. No equivalent relationship was demonstrated when stationary
incubation was used with similar volumes of inoculum. The finding of
Hodes and Chnng" that the titer of Shope fibroma virus is independent
of the volume of i{noculum after stationary incubation and that the
efficiency of plating is ltrongly influenced by the volume of inoculum
in animal virus plaque uuyl1 139 gre further evidence that the practice
of using stationary incubation is less efficient for the attachment of
virus {noculum onto cell monolayers than the procedure deacribed herein.

Although the rate of RVF virus attachment to cells was markedly
similar to that reported for VEE vtru-,1° the former was less dependent
than the latter on the composition of the menstruum uged to obtain
maximal attachment of virus. Maximal RVF virus attachment occurred
in the presence or absence of calcium and magnesium ions and was unaffected
by concentration of serum (Table 2); VEE virus attachment was partially
inhibited by these materials.}® Previous studies indicated that maximal
attachment of yellow fever virus was obtained in the presence of medium
199 containing 5% calf serum, with decreasing amounts being attached in
PBS containing MgCl, and CaCly, and in PBS containing only NaCl.!® This
suggests that the requirements for maximal attachment of Jdifferent arbo-
viruses to cell monolayers may be highly specific and varied. The rate
of RVF virus penetration into cells, however, was comparable to that of
VEE virus.}®

Obgervations on the development and appearance of fluorescent RVF
viral antigens in infected cells agreed with those reported previously."'n
The earliest sign of cellular infection was noted in the cytoplasm 5 hours
after inoculation; fluorescence was always confined to this seite thereafter.
Individual infected cells could be counted as early as 12 hours after
infection. The appearance of fluorescent focli between 12 and 16 hours
after initial infection, however, precluded enumeration of individual
infected cells at these times. Fluorescent foci may be prevented by
overlaying cell cultures with viral antiserum 1 hour after virus penetra-
tion into cells. From observations on the development of cellular {nfection
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by RVF and VEE viruses, the rate of multiplication of these two arboviruses
appears to be markedlv similar.’® 0Of four established cell lines tested

for their sensitivity to RVF virus infection, L cells were the most sensitive.

On the basis of comparative virus titrations, the immunofluorescent
cell-counting assay of RVF virus was superior in precision, sensitivity,
and rapidity to that of the methods of intraperitoneal inoculation of
mice and the appearance of cytopathic effects in cell cultures.
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